Limen is a small cysteine-rich peptide that was originally isolated from lima beans, and its activity against Micromycetes was described. Recombinant expression of limen in both a prokaryotic and plant system was performed to demonstrate a wide selection of its activities with potential for further use. At first limen was expressed in E. coli cells and after purification steps, its antimicrobial activity was tested on pathogenic fungi. This showed that limen can significantly eliminate the growth of several pathogenic yeasts such as Candida albicans, while its hemolytic activity was not recognizable. To confirm limen's activity in vivo, transformation of the barley Hordeum vulgare L. was chosen. Transgenic barley was obtained using Agrobacterium-mediated transformation and the production of limen peptide in plant tissues was verified by molecular techniques. Young barley plants were repeatedly exposed to Fusarium oxysporum spores. Increased resistance to the most important pathogen was followed using chlorophyll measurements as indicators of fusariosis. Focusing on the food safety aspect of the use of GM plants, cytotoxicity was followed in extracts from transgenic stressed plants. No or a lower cytotoxic effect was found on human keratinocytes and human embryonic kidney cells than extracts from the non-transformed plants.
Introduction 
Plant defensins are small and cysteine-rich peptides that belong to the group of AMPs (antimicrobial peptides). They were first described in the seeds of cereals at the beginning of the 1990s [1] , but since that time, also had been identified in leaves [2] , flowers [3] and other plant organs. Defensins were found in all plant families, and over 1,000 different plant defensin genes were published in the UniProt database (www.uniprot.com) for review. Their main function in the plant defense system is protecting cell integrity during biotic stress. A broad spectrum of defensin antimicrobial activity was confirmed under in vitro conditions [4] . Their mechanism of action is based on Besides anti phytopathogen activity, it has been shown that they are able to inhibit the propagation of yeasts, especially the most critical human pathogens such as Candida sp. [14, 15] .
Limen, a plant defensin is presented here, which has been described in the literature so far as an isolated and superficially characterized peptide from lima beans with antifungal activity [16] and as one of the many defensins originally from Fabaceae [17] [18] [19] [20] . This peptide was expressed in a prokaryotic system, verified and scaled up its effect on pathogenic fungi, including a human pathogen. It is also reported here a transgenic barley recombinantly producing limen peptide and its increased resistance to Fusarium sp. An important part of this paper is the new perspective on testing the safety of GM plants via comparing the cytotoxicity of extracts from GM and non-GM plants grown under stressing conditions. The aim of this work was to evaluate the antimicrobial properties of limen defensin against pathogenic fungi under in vitro and in vivo conditions.
Materials and Methods

Peptide Expression in Bacterial System
Escherichia Coli Transformation and Expression
The limen gene (GenBank accession no. MG808034) was codon-optimized for E. coli and synthesized via Gene Art™ (Thermo Fisher Scientific). The obtained gene with the motif of a 6 × His tag sequence in the expression vector pET100/D-TOPO was multiplied in E. coli DH11s [1] cells and then expressed in E. coli Shuffle [21] cells. The expression was induced by the addition of 1 mM IPTG during the exponential phase of bacterial growth, and after 3 hours the cells were harvested by centrifugation, lysed with lysozyme (0.5 mg/ml in native buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8)) and sonicated on ice. The lysate was separated by centrifugation and the supernatant was purified using Ni-NTA agarose (Qiagen) under native conditions and eluted with 250 mM imidazole. PD desalting (GE Healthcare) columns were used to eliminate imidazole and other salts. The limen peptide was stored in 0.01 M Tris-HCl buffer.
2.1.2 Characterization of the Purified Peptide SDS-page was followed by Ref. [22] . Western blot with immunodetection of the 6 × His tag (Super Signal™ West Femto Maximum Sensitivity Substrate, Thermo Fisher). The concentration of recombinant peptide was calculated using the extinction coefficient of limen peptide and absorbance at 280 nm. As controls, all the expression, purification and characterization steps for all processes were also done on blank (cells without cloning vector) E. coli Shuffle cells concurrently.
Determination of Antimicrobial Activity
The antimicrobial activity of recombinant limen peptide was determined using the broth dilution method and the following pathogenic yeast strains: Each yeast was tested with four repetitions, and the antimicrobial activity was expressed as the concentration of the peptide limen that was required for 50% inhibition (IC 50 ) [24] .
Transgenic Barley
Plant Transformation and Expression of Limen Peptide
The limen gene was synthesized artificially (NCBI MG808034, Gene Art TM Gene Synthesis, Thermo Fisher Scientific) and the sequence was codon-optimized for monocots. The limen gene was then cloned into the vector pDONR207/hpt (Invitrogen) by BP clonase reaction (Gateway®, Thermo Fisher Scientific) and subsequently inserted by LR clonase reaction (Gateway® LR Clonase TM , Thermo Fisher Scientific) into the destination vector pBract214 (www.bract.org). The expression of the limen gene is driven by the maize Ubi promoter. The Agrobacterium-mediated transformation of immature zygotic barley embryos of the genotype "Golden Promise" was performed according to the standard protocol by Ref. [25] . Regenerating seedlings were tested for the presence of the transgene by PCR screening using premix REDTaq® ReadyMix TM PCR Reaction Mix (Sigma-Aldrich, USA).
Transgene expression was verified at the mRNA level. Total RNA was extracted from leaf tissue with an RNA queous Total RNA Isolation Kit (Thermo Fisher Scientific) and treated with a Turbo DNA-free TM Kit (Thermo Fisher Scientific). RNA concentration was assessed spectrophotometrically (DeNovix, DS-11 Spectrophotometer). 1 μg of total RNA was reverse transcribed using RevertAid TM H minus Reverse transcriptase (Thermo Fisher Scientific). To analyse the reaction efficiency, dilution series of the selected cDNA samples were prepared. As an internal control, the barley elongation factor gene was chosen [26] . To verify mRNA expression, a SensiFASTTM SYBR® No-ROX Kit (Bioline) and a MyGo Mini real-time cycler (IT-IS Life Science Ltd.) was used. Primer sequences for the limen transcript were F: 5´-ACCACAAGACCTGCGAGAAC-3´and R: 5´-CAGTGGTCGTCGCAGTTAGA-3´, producing an amplicon of 76 bp. Initial denaturation at 95 °C for 180 s was followed by forty cycles of denaturation at 95 °C, annealing at 60 °C, elongation at 72 °C and a final 5 min extension at 72 °C. To provide enough plant material for subsequent experiments, immature embryos (T1 generation) were dissected from young caryopses of T0 plants and selected on half-MS medium containing hygromycin 75 mg/l. All the germinated plants were analysed for the presence of the LIM and hpt transgenes by PCR.
Stress Conditions
The T1 generation of GM barley embryos and the equivalent number of wild-type embryos were sown in pots and grown under controlled conditions in a growing chamber (air temperature 24/16 °C, air humidity 40%, 16 h daylight). Until all plants had four fully developed leaves (60 days after sowing), half of the obtained plants were sprayed every three days with spores of Fusarium oxysporum DBM 4199 (OD = 0.7 in LB broth medium). At the end of the stress development (after 15 days), all shoots of plants were harvested, one leaf stored at -80 °C for biochemical analysis and the rest of the biomass was lyophilized for testing toxicity.
Chlorophyll Content
The leaf total chlorophyll content was determined by 99% ethanol extraction of 0.02 g of leaf tissue (1: 100 w/V). After 24 h of incubation in the dark, the absorbance of the obtained extract was measured at 665 and 649 nm [26] .
2.2.4 Acute Toxicity and Hemolytic Activity Plant methanol extracts were obtained from the lyophilized biomass of harvested plants and the concentration for testing was determined to be in the range 62.5-1,000 µg/ml. The toxicity of extracts was studied on Hek 293 (human epithelial cells derived from embryonic kidney, ATCC) and HaCat cells (human keratinocytes, Sigma-Aldrich). Hek 293 cells were cultivated in EMEM medium (Sigma-Aldrich) enriched with 2 mM glutamine (Sigma-Aldrich). HaCat cells were cultivated in DMEM (Sigma-Aldrich). Both mediums were supplemented with 10% fetal bovine serum (Sigma-Aldrich) and a commercial mixture of antibiotics (Antibiotic Antimycotic Solution, Sigma-Aldrich). 10 5 cells were seeded into the wells of 96-well plates for cytotoxicity experiments. Each sample was tested in quadruplicate. The cell viability was evaluated after 72 h by standard resazurin assay [27] using fluorescent measurement (560/590 nm).
Hemolytic activity was determined according to a previous paper [28] . 1 µl of plant methanol extract (100 mg/ml) was used per spot. For bacterial expression, the same samples as the cytotoxicity testing were used. Triton X-100 (1%, 1 µl per spot, Sigma Aldrich) was used as a known hemolytic agent.
Statistical Analysis
The significance of the results was tested by Dixon's Q test and analysis of variance followed by Duncan's test in STATISTICA 12 (data analysis software system, StatSoft. Inc. 2013). For all statistical tests, the significance level was established at p < 0.05.
Results and Discussion
Recombinant Expression of Limen Peptide in Bacteria
The Fabaceae family of flowering plants is an economically very important group containing over 19,000 species [29] . Many of them are used in agriculture and over the last few decades their defensins have been intensively studied in terms of their antimicrobial activity [30] . Few of them have been successfully recombinantly expressed in a prokaryotic [11] or plant system [31] . For this reason, it was decided to prepare the 6kDa limen peptide, originally isolated from lima beans, which is known for its significant antifungal activity [16] . In comparison to others legume defensins, limen has the same conserved sequences, including the number of residues (Fig. 1) , and also four disulphide bonds.
To ensure a reliable cloning procedure, the vector pET100/D-TOPO was synthesized with a holding sequence encoding a 6 × His tag and limen sequence (sequence ID from NCBI MG808034). The expression took place in transformed E. coli Shuffle cells that are capable of correctly folding proteins with disulphide bonds [21] . After harvesting the cells, followed by separation and purification of the peptide, we 
Antimicrobial Activity of the Limen Peptide
The antimicrobial activity of the limen peptide was studied on pathogenic yeasts. In all monitored strains, strong inhibition of growth during incubation in the presence of the limen peptide was observed (Fig and 4) . It has been reported that several plant defensins can increase ROS accumulation in Candida cells, Fig. 3 Activity of recombinantly prepared limen against human pathogenic yeast. which is a phenotypic marker of cell apoptosis [32] or they can interact with glucosylceramides [33] . Nevertheless, limen is the first recombinant plant defensin reported to inhibit several other yeast species besides Candida sp. Despite exhibiting an anti-yeast activity against significant human pathogens, any hemolytic activity of limen or barley extracts containing limen was not observed (Fig. 5 ). Thus limen could be included in the small group of defensins exhibiting therapeutic potential [34] .
Fig. 4 Yeast absorbance (Y-axis) dependence on recombinantly prepared limen peptide concentration (X-axis).
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Transgenic Barley and Its Tolerance to Pathogen-Caused Stress
In order to avoid potential mutations originating from the cloning process, the limen gene was commercially synthesized. Transgenic barley plants expressing the limen gene were prepared by Agrobacterium-mediated transformation. In total, 280 immature embryos were transformed, yielding 26 PCR-positive regenerating plants of the T0 generation. Transformation efficiency was estimated to be 9%, which is comparable with other barley transformation experiments [35] . In comparison, a higher efficiency is routinely reached in the transformation of dicots [36] . The expression of the limen gene was confirmed by transgene-specific semi-quantitative RT-PCR. Transgene-specific amplicons were not detected in the WT. Limen expression was detected in all transgenic plants. Transgenic plants were prepared for the analysis of the effect of biotic stress. Initially, immature embryos were selected on a medium containing hygromycin. Then, germinating plants were transferred to the pots and the presence of the limen transgene was verified by PCR. The segregation ratio of the limen gene in the T1 generation exhibited Mendelian inheritance. Verified transgenic plants were used in the subsequent experiments. 15 days after plants had been exposed to Fusarium spores, the leaf chlorophyll content was measured. The influence of stress caused a decrease in pigments in both groups, however transgenic barley leaves contained significantly more chlorophyll than the non-transgenic barley's leaves (Fig) . It is known that the content of chlorophyll decreases during stress [37] . With Fusarium attack, the measurement of chlorophyll can indicate the health of a plant before any disease symptoms appear [38, 39] .
Toxicity of Stressed GM Barley
The harvested biomass of barley plants was extracted with methanol at the end of Fusarium-caused stress and extract concentrations of up to 1,000 µg/ml were tested in terms of human cell toxicity. Four independent plants in four technical repetitions for each plant sample were used and the mean cell viabilities after exposure to GM barley and wild-type barley extracts are shown on the graph (Fig). In both representative human cell lines, there is a clear decrease in cell viability after incubation in the presence of extracts from wild-type plants. In contrast, the GM barley extracts caused a slight proliferation of the cell lines with the lower concentration, followed by a slight decrease in cell viability with increasing concentration. However, GM barley extracts were significantly less toxic than wild-type barley extracts at all studied concentrations. This fact supports our hypothesis that GM plants prepared for adverse conditions are less damaged and produce much lower levels of defense agents (antinutrients, secondary metabolites, etc.), which can be toxic for mammals [40, 41] . The changes in secondary metabolites have already been studied in stressed transgenic potatoes [42] , cotton [43] , Arabidopsis and Thlaspi caerulescens [44] . The toxicity of GM plants has also been discussed many times (reviewed in Ref. [45] ) and their harmfulness has never been confirmed. Nevertheless, the potentially beneficial effect of GM crops with increased resistance planted in stressing conditions versus the wild-type species has not been published yet. 
Conclusions
This research investigated limen-a plant defensin -and found it to be effective within the plant defense system of lima beans. Limen's antimicrobial activity has been already described against fungi in vitro [16] . Here the activity was found also in vivo (transgenic barley resistant to Fusarium). Recombinantly prepared limen can eliminate several serious human pathogenic yeasts without hemolytic activity.
Additionally, it was showed that transgenic barley exhibiting increased resistance and planted in adverse conditions had better potential in terms of food safety than wild-type plants cultivated under the same conditions. This result may contribute to the better acceptance of GM plants by customers.
